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Three bitumen fractions were obtained and systematically analysed for the terpane and sterane
composition from 30 Paleozoic source rocks and 64 bitumen-containing reservoir rocks within the Upper
Sinian, Lower Cambrian, Lower Silurian, Middle Carboniferous, Upper Permian and Lower Triassic strata
in the Sichuan Basin and neighbouring areas, China. These bitumen fractions include extractable oils
(bitumen I), oil-bearing ﬂuid inclusions and/or closely associated components with the kerogen or
pyrobitumen/mineral matrix, released during kerogen or pyrobitumen isolation and demineralization
(bitumen II), and bound compounds within the kerogen or pyrobitumen released by conﬁned pyrolysis
(bitumen III). In addition, atomic H/C and O/C ratios and carbon isotopic compositions of kerogen and
pyrobitumen from some of the samples were measured. Geochemical results and geological information
suggest that: (1) in the Central Sichuan Basin, hydrocarbon gases in reservoirs within the fourth section
of the Upper Sinian Dengying Formation were derived from both the Lower Cambrian and Upper Sinian
source rocks; and (2) in the Eastern Sichuan Basin, hydrocarbon gases in Middle Carboniferous
Huanglong Formation reservoirs were mainly derived from Lower Silurian source rocks, while those in
Upper Permian and Lower Triassic reservoirs were mainly derived from both Upper Permian and Lower
Silurian marine source rocks. For both the source and reservoir rocks, bitumen III fractions generally
show relatively lower maturity near the peak oil generation stage, while the other two bitumen fractions
show very high maturities based on terpane and sterane distributions. Tricyclic terpanes evolved from
the distribution pattern C20 < C21 < C23, through C20 < C21 > C23, ﬁnally to C20 > C21 > C23 during severe
thermal stress. The concentration of C30 diahopane in bitumen III (the bound components released from
conﬁned pyrolysis) is substantially lower than in the other two bitumen fractions for four terrigenous
Upper Permian source rocks, demonstrating that this compound originated from free hopanoid pre-
cursors, rather than hopanoids bound to the kerogen.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The Sichuan Basin is one of the most important gas producing
provinces in China. One hundred and twenty-ﬁve gas ﬁelds havebeen found through 2008, including 14 large ﬁelds with in-place
gas reserves over 30 billion cubic metres each (Ma et al., 2010).
Hydrocarbon gases account for more than half of the reserves in
the basin, and occur in reservoirs within marine strata. These gases
originated from marine source rocks (Ma et al., 2010). These ma-
rine gas reservoirs are within Upper Sinian, Middle Carboniferous,
Upper Permian and Lower Triassic strata (Ma et al., 2008, 2010).
Several marine source rocks have been identiﬁed from Sinian to
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the Upper Sinian, Lower Cambrian, Lower Silurian and Upper
Permian strata (e.g., Zhu et al., 2006; Liang et al., 2008, 2009; Ma
et al., 2010; Zhao et al., 2011; Xu et al., 2012; Wei et al., 2013). All of
the marine hydrocarbon gases are very dry, with dryness (C1/SC1e
4) ratio values >0.975 and mostly >0.99 due to high maturities of
the marine source and reservoir rocks (Zhu et al., 2006; Liu et al.,
2013). In addition, all of the marine source rocks originally con-
tained mainly type I and II kerogen derived from the marine
aquatic organisms (e.g., Liang et al., 2008, 2009). It is difﬁcult or
impossible to determine the origin of the hydrocarbon gases for
individual reservoirs based on their chemical and carbon isotopic
compositions.
It has been suggested that marine hydrocarbon gases in the
reservoirs of the Sichuan Basin, especially in the giant Puguang gas
ﬁeld, formed by oil-cracking because of abundant pyrobitumen in
the reservoir rocks (e.g., Li et al., 2005; Ma et al., 2007, 2008; Xu
et al., 2007; Hao et al., 2008; Hu et al., 2010). Although Lower
Sinian to Lower Triassic bitumen-containing reservoir rocks and
Lower Sinian to Upper Permian marine source rocks have very high
maturities, these reservoir and source rocks contain signiﬁcant
amount of biomarker compounds, such as terpanes and steranes
(e.g., Li et al., 2005; Cai et al., 2006; Xu et al., 2007; Liang et al., 2008,
2009; Wu et al., 2012). The sources of paleo-oils for the gas reser-
voirs can be determined based on the compositions of biomarker
compounds in the source rocks and pyrobitumen-containing
reservoir rocks. The paleo-oil sources represent those of most
gases which formed from oil-cracking in the reservoirs within the
marine strata.
Several studies documented biomarker compounds in sedi-
mentary rocks with very high thermal maturities in other regions
of the world (e.g., Brocks et al., 2003; Schwab et al., 2005). Schwab
et al. (2005) demonstrated that terpanes and steranes are present
in considerable amounts in sediments of amphibolite facies (up to
550 C). George et al. (2008) performed an extensive study on
molecular compositions, including terpane and sterane distribu-
tions of oil-bearing ﬂuid inclusions in a ca. 2.45 Ga ﬂuvial meta-
conglormerate within the Matinenda Formation at Elliot Lake,
Canada, which was exposed to upper prehniteepumpellyite facies
metamorphism (280e350 C). Brocks et al. (2003) documented the
biomarker characteristics of 2.78e2.45 Ga sediments. However,
these authors later emphasized the importance of contamination in
these old and high maturity rocks (e.g., Brocks et al., 2008; Brocks,
2011; Sherman et al., 2007).
In the present study, three bitumen fractions were obtained
and systematically analysed for their terpane and sterane com-
positions from both the source rocks and pyrobitumen-containing
reservoir rocks. The three fractions include extractable oil com-
ponents (bitumen I), oil-bearing ﬂuid inclusions and/or closely
associated components released during kerogen or pyrobitumen
isolation and demineralization using HCl and HCl:HF (bitumen II),
as reported in previous studies (e.g., Spiro, 1984; Nabbefeld et al.,
2010; Holman et al., 2012), and bound compounds within the
kerogen or pyrobitumen released by conﬁned pyrolysis (gold
capsules) at relatively low temperatures (bitumen III). We hope
that biomarker distributions among the various bitumen fractions
within source or reservoir rock can extend our understanding of
the maturation behaviour of these compounds at high maturity,
and that the molecular correlation between bitumen fractions
from the source and reservoir rocks can help to trace the origins of
the pyrobitumen and hydrocarbon gases in the reservoirs. In
addition, the atomic H/C and O/C ratios and carbon isotopic
compositions of kerogen and pyrobitumen from some of the
studied samples were measured to evaluate thermal maturation
and source correlation.2. Geological setting
The Sichuan Basin is a rhomboid-shaped sedimentary basin
situated in the western part of the Yangtze Platform and covering
an area of 180,000 km2 (Fig. 1, Ma et al., 2007, 2008). It is a Late
MesozoiceCenozoic foreland basin overlying a SinianeMiddle
Mesozoic passive margin. It was ﬁlled with 6000e12,000 m of
Sinian to Cenozoic sediments overlying pre-Sinian Proterozoic
basement (Li et al., 2005; Ma et al., 2007, 2008).
Since the Late Proterozoic, the Sichuan Basin experienced
several tectonic episodes (Fig. 2, Wang, 1989; Ma et al., 2007;
Hao et al., 2008). The Jinning tectonic movement marked the
uplift and folding of the pre-Sinian geosyncline and the
consolidation of the metamorphic and granitic basement of the
Yangtze craton. During the Chengjiang tectonic movement, the
basement framework of the basin was established, with western
and eastern lows of ductile basement separated by a central
uplift of brittle lithologies. The oldest sedimentary rocks in the
basin consist of the Sinian Doushantuo and Dengying forma-
tions, which were deposited during a major marine trans-
gression. The Tongwan tectonic movement occurred at the end
of the Sinian and resulted in the disconformity between the
Upper Sinian and the Lower Cambrian. The Cambrian succession,
which consists of shale, siltstone, limestone, and dolomite, was
deposited in open- to restricted-marine environments in
response to a second major marine transgression. From the Early
Ordovician to the Early Silurian, a third marine transgression
resulted in the widespread deposition of black shales in an open-
marine environment. The Late Caledonian orogeny at the end of
the Silurian led to the formation of the northeast-trending
central uplift and a large hiatus in much of the Devonian. Mi-
nor shallow-marine sediments ranging between 0 and 90 m of
Middle Carboniferous age were deposited in the eastern and
western parts of the basin. During the Early Permian, another
major marine transgression occurred, resulting in the deposition
of shallow-marine shales and carbonates, which provide source
and reservoir rocks in the Sichuan Basin. Following the Dongwu
tectonic movement, the Late Permian through Early Triassic
marine transgression led to the deposition of coal-bearing shales
and shallow-marine carbonates. The reefal dolomites of the
Upper Permian Changxing Formation and the shelf and
platform-margin shoal oolitic dolomites of the Lower Triassic
Feixianguan Formation provide the main reservoirs in the
Puguang ﬁeld and other ﬁelds in eastern Sichuan. From the late
Early Triassic to the Middle Triassic, a major regression occurred
across the basin, resulting in the deposition of anhydrite, halite,
and gypsiferous dolomite, which provide regional seals for the
Puguang and other ﬁelds. Towards the end of the Middle Triassic
(the early Indosinian orogeny), the rhomboid shape of the
Sichuan Basin began to form as a result of compression from the
Tethys Ocean plate to the southwest and the Paciﬁc Ocean plate
to the southeast. By the end of the Late Triassic, marine inﬂuence
had diminished, and the basin became dominated by ﬂuvial-
lacustrine facies, with sandstones providing important gas res-
ervoirs in the basin. During the Yanshanian orogeny between the
Jurassic and Late Cretaceous, the border areas of the Sichuan
basin became folded. During the Himalayan orogeny, the entire
Sichuan Basin was uplifted as a result of renewed compression
from the Paciﬁc Ocean plate. This caused numerous high-relief
structures to form in the eastern Sichuan where several gas
ﬁelds have been discovered (Wang, 1989; Ma et al., 2007, 2008;
Hao et al., 2008).
The main Paleozoic marine source rocks in the Sichuan Basin
include the Lower Sinian Doushantuo Formation (Z1ds, e.g., Xu
et al., 2012; Yang et al., 2012; Wei et al., 2013), the third section
Figure 1. Location map of the sampled boreholes and outcrops in the Sichuan Basin and neighbouring areas.
Cross section AB modiﬁed from Xu et al., 2012; Cross section CD modiﬁed from Zhao et al., 2011.
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Figure 2. Stratigraphy and tectonic history of the Sichuan Basin.
Modiﬁed from Ma et al., 2007.
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2012; Wei et al., 2013), the Lower Cambrian Jiulongdong Forma-
tion (Є1j) and its age-equivalents, i.e., Niutitang Formation (Є1n)
and Qiongzhusi Formation (Є1q, e.g., Zhu et al., 2006; Liang et al.,2008, 2009), the Lower Silurian Longmaxi Formation (S1l, e.g.,
Zhu et al., 2006; Liang et al., 2008, 2009), the Lower Permian
Liangshan Formation (P1l, e.g., Liang et al., 2008, 2009), the Upper
Permian Longtan Formation (P2l, e.g., Cai et al., 2006; Liang et al.,
Table 1
Geological and bulk geochemical data (total organic carbon contents, atomic ratios of H/C and O/C and d13C value of kerogen or pyrobitumen) for source and pyrobitumen-
containing reservoir rock samples.
Depth (m) Strata TOC (%) H/C O/C d13C (&) Depth (m) Strata H/C O/C d13C (&)
Source rocks PG2R17 T1f
Q10-6S1 328.0 P2l 1.51 0.66 0.12 23.36 PG2R18 5114.5 T1f
Q10-6S2 334.7 P2l 4.00 0.58 0.18 22.97 PG2R19 5134.9 T1f
Q10-6S3 414.6 P2l 1.34 0.52 0.14 23.52 PG2R20 5181.2 T1f 0.50 0.15 26.72
Q10-6S4 457.1 P2l 3.26 0.54 0.11 24.31 PG104R21 5663.5 T1f 0.52 0.10 28.08
HB1S5 5640.5 P2d 3.64 0.43 0.16 27.74 PG104R22 5671.2 T1f 0.45 0.16 28.08
Q1S6 S1l 0.62 0.42 0.11 30.73 PG104R23 5703.6 T1f 0.35 0.09 29.53
Q1S7 S1l 3.63 0.38 0.16 30.40 PG104R24 5772.4 T1f 0.43 0.08 29.49
Q1S8 S1l 3.47 0.39 0.18 30.09 PG304R25 5458.5 T1f 0.37 0.15 27.11
NSH-S9 Outcrop S1l 3.26 0.45 0.12 30.87 PG304R26 5536.4 T1f 0.34 0.07 29.07
NSH-S10 Outcrop S1l 4.02 0.62 0.14 30.46 PG304R27 5545.6 T1f 0.34 0.11 28.50
NSH-S11 Outcrop S1l 3.44 0.39 0.21 30.79 PG5R28 4889.30 T1f
QL-S12 Outcrop S1l 3.25 0.52 0.18 31.17 LJ9R29 T1f
GYQ-S13 Outcrop S1l 4.90 0.40 0.18 30.32 LJ2R30 3201.57 T1f 0.61 0.21 29.92
GYQ-S14 Outcrop S1l 1.34 0.33 0.07 29.85 LJ2R31 3197.66 T1f 0.56 0.23 29.86
TB-S15 Outcrop S1l 5.83 0.39 0.17 29.93 LJ2R32 3497.29 T1f 0.71 0.10 29.37
NSH-S16 Outcrop Є1q 3.02 0.55 0.14 30.92 LJ2R33 3495.68 T1f 0.68 0.17 29.62
NSH-S17 Outcrop Є1q 0.58 0.64 0.10 32.46 DSY-R34 Outcrop T1f
NSH-S18 Outcrop Є1q 1.96 0.49 0.16 32.60 PG5R35 P2c
NJST-S19 Outcrop Є1q 4.06 0.40 0.19 33.85 PG5R36 5157.7 P2c
JSYK-S20 Outcrop Є1n 6.87 0.36 0.15 33.54 PG5R37 5158.5 P2c 0.41 0.16 29.12
JSYK-S21 Outcrop Є1n 3.13 0.40 0.16 31.92 PG5R38 5164.50 P2c
RX-S22 Outcrop Є1n 8.82 0.38 0.17 31.35 PG5R39 5169.80 P2c
XTG-S23 Outcrop Є1n 2.00 0.63 0.10 32.10 PG5R40 5292.38 P2c 0.42 0.15 25.82
HS1S24 5127.3 Z2dn3 0.46 0.44 0.16 31.92 PG6R41 5327.15 P2c
GK1S25 5151.48 Z2dn3 e 0.62 0.11 35.52 PG8R42 5512.10 P2c
GK1S26 5355.06 Z2dn3 e 0.32 0.14 33.15 PG8R43 5531.5 P2c 0.55 0.16 29.25
GK1S27 5357.22 Z2dn3 1.35 0.52 0.15 34.52 PG8R44 5604.5 P2c 0.47 0.19 27.98
DSD-S28 Outcrop Z1ds 2.83 0.39 0.16 30.62 PG304R45 5637.62 P2c 0.46 0.14 27.66
SL-S29 Outcrop Z1ds 1.21 0.45 0.15 31.24 PG304R46 5645.02 P2c e e 27.38
SL-S30 Outcrop Z1ds 4.93 0.41 0.09 32.79 PG304R47 5664.27 P2c 0.47 0.09 27.84
Reservoir rocks MB3R48 4382.52 P2c
PG2R1 4909.9 T1f PLD-R49 Outcrop P2c
PG2R2 T1f 0.43 0.14 28.93 PLD-R50 Outcrop P2c
PG2R3 T1f 0.29 0.16 28.94 DT002R51 4569.41 C2hl 0.80 0.12 29.05
PG2R4 4962.5 T1f 0.55 0.10 29.21 DT002R52 4590.58 C2hl 0.58 0.18 28.13
PG2R5 T1f 0.35 0.21 29.44 TD11R53 C2hl 0.49 0.17 28.31
PG2R6 T1f GS1R54 4958.69 Z2dn4 0.45 0.08 35.21
PG2R7 4989.7 T1f 0.33 0.06 29.25 GS1R55 4961.55 Z2dn4 0.77 0.07 34.85
PG2R8 T1f GS1R56 4968.42 Z2dn4 0.55 0.14 35.31
PG2R9 T1f GS1R57 4978.15 Z2dn4 0.42 0.07 35.15
PG2R10 T1f GS1R58 4984.04 Z2dn4 0.50 0.18 34.49
PG2R11 T1f GK1R59 5025.41 Z2dn4 0.50 0.04 35.59
PG2R12 T1f LMS-R60 Outcrop Z2dn2
PG2R13 T1f LMS-R61 Outcrop Z2dn2 0.29 0.11 32.05
PG2R14 T1f LMS-R62 Outcrop Z2dn2 0.38 0.14 30.67
PG2R15 T1f JSYK-R63 Outcrop Z2dn2 0.45 0.05 26.78
PG2R16 T1f JSYK-R64 Outcrop Z2dn2 0.54 0.12 28.00
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Wu et al., 2012; Chen et al., 2013a). Among them, the Lower
Cambrian strata (Є1j, Є1n and Є1q), Lower Silurian Longmaxi
Formation (S1l) and Upper Permian Longtan Formation (P2l) are
generally considered the three major marine source rocks in the
Sichuan Basin, and have been extensively studied (Cai et al., 2006;
Zhu et al., 2006; Ma et al., 2008; Liang et al., 2008, 2009). Recently,
the Sinian source rocks, especially those within the third section of
the Dengying Formation (Z2dn3), have gained attention increas-
ingly due to the ﬁnding of gas pools and bitumen-containing
reservoir rocks from both the fourth and second sections of the
Upper Sinian Dengying Formation (Z2dn4 and Z2dn2, Xu et al.,
2012; Wei et al., 2013).
The Lower Cambrian and Lower Silurian source rocks in the
Sichuan Basin are the major and preferential targets for shale gas
exploration and development in China (e.g., Cheng et al., 2009; Nie
et al., 2011; Zhang et al., 2011). Signiﬁcant progresses in shale gas
exploration from both source rocks have been reported (e.g., Chen
et al., 2013b; Han et al., 2013; Li et al., 2013).3. Samples and experimental
3.1. Samples
Thirty source rocks and 64 bitumen-containing reservoir rocks
were collected in the present study (Table 1). These samples were
collected from outcrops and boreholes which are shown in
Figure 1. All of the source rocks are black shales while the reservoir
rocks are carbonates, especially dolomites. Of the 30 source rocks,
ﬁve were collected from the Upper Permian Longtan and Dalong
formations, 10 from the Lower Silurian Longmaxi Formation (S1l),
eight from the Lower Cambrian Niutitang (Є1n) and Qiongzhusi
formations (Є1q), and seven from the third section of the Upper
Sinian Dengying (Z2dn3) and the Lower Sinian Dushantuo for-
mations (Z1ds). Of the 64 reservoir rocks, 34 were collected from
the Lower Triassic Feixianguan Formation (T1f), 16 from the Upper
Permian Changxing Formation (P2c), three from the Middle
Carboniferous Huanglong Formation (C2hl), six from the fourth
section of the Upper Sinian Dengying Formation (Z2dn4), and ﬁve
X. Jin et al. / Marine and Petroleum Geology 56 (2014) 147e165152from the second section of the Upper Sinian Dengying Formation
(Z2dn2).
3.2. Total organic carbon content (TOC), elemental and carbon
isotope analyses and sequential extraction for bitumens I and II from
source rocks
The source rock cores from boreholes and blocks from outcrops
were ﬁrst cleaned using distilled or de-ionized water and then
ground into powder (w200 mesh). A small aliquot of powder was
taken from each sample for measurement of TOC using a Leco-200
analyser. The remaining powdered samples (w100 g each) were
Soxhlet extracted with dichloromethane:methanol (DCM:MeOH
93:7 v/v) for 72 h to obtain the extractable fraction (bitumen I). In
the tables and ﬁgures, the bitumen I sample code carries the sufﬁx
“a”. The extracted powder was treated with HCl at 80 C for 12 h to
remove carbonate minerals. After rinsing with deionized water, the
solid residue was treated two times with HCl:HF (2:1 mol) at 80 C
for 12 h to remove all carbonate and silicate minerals and obtain
kerogen. The kerogen was Soxhlet extracted with DCM:MeOH for
72 h to obtain bitumen II, including oil-bearing ﬂuid inclusions and
components closely associated with the kerogen. In the tables and
ﬁgures, bitumen II sample code carries the sufﬁx “b”. A small
aliquot of the extracted kerogen from each sample was taken for
organic elemental analysis (C, H, N and O) using an Elementar Vario
EL III and stable carbon isotope analysis using an isotope ratio mass
spectrometer (Delta Plus XL).
3.3. Elemental and carbon isotope analyses and sequential
extraction for bitumens I and II from bitumen-containing reservoir
rocks
The reservoir rock cores from boreholes and blocks from out-
crops were crushed and sieved to obtain the 0.10e0.30 mm size
fraction. Samples weighing 60e100 g were Soxhlet extracted with
DCM:MeOH for 72 h. The ﬁrst extract is considered to be free oil
(bitumen I). The samples were then treated with HCl at 80 C for
12 h to remove carbonate minerals. After rinsing with deionized
water, the solid residue was treated with HCl:HF (2:1 mol) at 80 C
for 12 h to remove carbonate and silicate minerals and obtain
pyrobitumen. This pyrobitumen was extracted with DCM:MeOH
(72 h) to obtain bitumen II. In the tables and ﬁgures, bitumen I and
II sample codes for the reservoir rocks carry the sufﬁx “a” and “b”,
respectively, as was the case for source rocks. A small aliquot of the
extracted pyrobitumen from each sample was taken for organic
elemental analysis (C, H, N and O) using an Elementar Vario EL III,
and carbon isotope analysis using a Delta Plus XL.
3.4. Conﬁned pyrolyses of kerogen and pyrobitumen and extraction
of bitumen III
In the present study, pyrolysis experiments on the kerogen from
source rocks and pyrobitumen from reservoir rocks were ﬁrst
performed in a conﬁned system (Au capsules) at 50MPa and 305 C.
The sample loading and pyrolysis apparatus were described pre-
viously (Pan et al., 2008, 2010a, 2012). Brieﬂy, the kerogen and
pyrobitumen samples (about 0.5 g each) were placed into Au cap-
sules (6 mm outside diameter, 0.25 mmwall thickness, and 80 mm
length). The capsules were welded at one end before loading
samples. Once loaded, the open end of each capsule was purged
with argon before being squeezed in a vise to create an initial seal,
which was subsequently welded in the presence of argon. During
welding, the previously welded end was submerged in cold water
to prevent heating of reactants. The loaded capsules were placed
into a pressure vessel. Our experimental system permits 14pressure vessels to be placed in a single large furnace. The vessels
were previously ﬁlled with water. The internal pressure of the
vessels, which were connected to each other with pipelines, was
adjusted to 50 MPa by pumping water into the vessels before
heating. Pressure was maintained automatically by pumping water
into or out of the vessels during the pyrolysis experiments. The
vessels were heated to 305 C for 8 h and then heated isothermally
for 72 h. After heating, the vessels were quenched to room tem-
perature in cold water within 10 min. After removal from the
vessels, the capsules were cleaned, cut into several pieces, and
Soxhlet extracted using DCM:MeOH for 72 h to obtain bitumen III.
In the tables and ﬁgures, bitumen III sample code carries the sufﬁx
“c”. According to our previous studies (Pan et al., 2008, 2010b,c), the
yields of terpanes and steranes are highest at w300 C during
isothermal conﬁned pyrolysis for 72 h. At lower temperatures, the
bound components are released insufﬁciently. In contrast, at higher
temperatures, the yields of terpanes and steranes decrease sub-
stantially due to thermal degradation. However, the yields of n-
alkanes were very low at 305 C. Therefore, further pyrolysis ex-
periments were performed at 350 C and 72 h on another aliquot
(about 0.5 g) of fresh kerogen for all of the source rocks, and fresh
pyrobitumen for 49 of the 64 reservoir rocks to obtain higher
amounts of n-alkanes for the analysis of isotopic compositions of
individual n-alkanes. Nevertheless, these isotopic data for n-al-
kanes are not described in this paper.
3.5. Bitumen fractionation
All of the extracts (bitumen I, II and III) from source and reser-
voir rocks were ﬁrst diluted with about 1 ml or less of DCM and
were then deasphaltened using a 40 excess of hexane. All of the
deasphaltened samples were fractionated on a silica:alumina col-
umn using hexane, hexane:DCM (2:1) andMeOH as eluants to yield
the saturate, aromatic and resin fractions, respectively.
3.6. GC and GCeMS analyses
Gas chromatographic (GC) analysis of the saturated fractions of
bitumen I and II from the source and reservoir rocks was performed
on an HP6890 GC ﬁtted with a 30 m  0.32 mm i.d. HP-5 column
with a ﬁlm thickness of 0.25 mm and using nitrogen carrier gas. A
constant ﬂow mode and ﬂame ionisation detector were employed.
The GC oven temperature was held initially at 70 C for 5 min,
ramped from 70 to 290 C at 4 C/min, and then held at 290 C for
30 min. After GC analysis, the saturated fractions were further
treated with urea adduction to separate n-alkanes and iso- and
cyclic-alkanes. Gas chromatographic-mass spectrometric (GCeMS)
analysis of iso- and cyclic-alkane fractions was carried out using a
Thermal Scientiﬁc DSQ II quadrupole mass spectrometer interfaced
to a Trace GC ULTRA ﬁtted with a 30 m  0.25 mm i.d. HP-5MS
column with a ﬁlm thickness of 0.25 mm and using helium carrier
gas. A constant ﬂow mode was used. The mass spectrometer was
operated in electron ionization (EI) mode at 70 eV. The GC oven
temperaturewas initially held at 80 C for 2min, ramped from 80 to
180 C at 8 C/min, from 180 to 290 C at 2 C/min, and then held at
290 C for 20 min.
For all source rocks, two bitumen III fractions were obtained
from pyrolysis experiments at 305 C and 350 C, respectively.
Saturates obtained from the lower temperature pyrolysis were only
analysed by gas chromatographicemass spectrometry (GCeMS) to
obtain biomarker parameters. Those from the higher temperature
pyrolysis were ﬁrst analysed by gas chromatography (GC). After GC
analysis, the saturated fractions were further treated with urea
adduction to separate n-alkanes. Normal alkane fractions were
further analysed by gas chromatographyeisotope ratio mass
Figure 4. d13C values of kerogen in the source rocks (S) and pyrobitumen in the
reservoir rocks (R).
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vidual compounds. For 15 of the 64 reservoir rocks, only one
bitumen III fraction was obtained from the pyrolysis experiment at
305 C. The saturate fraction from this bitumen III was ﬁrst analysed
by GC. After GC analysis, the saturated fractions were further
treated with urea adduction to separate n-alkanes and iso- and
cyclic-alkanes. The iso- and cyclic-alkane fractions were analysed
by GCeMS to obtain biomarker parameters while the n-alkane
fractions were analysed by GCeIRMS to obtain isotopic composi-
tions of individual compounds. For the other 49 reservoir rocks,
two bitumen III fractions were obtained from pyrolysis experi-
ments at 305 C and 350 C, respectively, and the analytical pro-
cedures were same as the source rocks.
4. Results
4.1. Gross organic geochemical properties
Total organic carbon contents (TOC) for 28 source rocks are
listed in Table 1. TOC values range from 1.21 to 8.82% for 25 source
rocks and 0.46e0.62% for three samples. TOC values for samples
GK1S25 and GK1S26 within the third section of upper Sinian strata
are not given due to poor repeatability.
Atomic H/C and O/C ratios and d13C values for kerogen from
source rocks and pyrobitumen from reservoir rocks are shown in
Table 1 and Figures 3 and 4.
4.2. Steranes and terpanes
4.2.1. C30 diahopane/C30 hopane and C27 18a(H)-trisnorneohopane/
17a(H)-trisnorhopane (Ts/Tm) ratios
Sterane and terpane parameters for the three bitumen fractions
(I, II and III) from the 30 source rocks and 64 reservoir rocks are
listed in Table 2. The gas chromatograms and m/z 191 and m/z 217
mass chromatograms of four source rocks and three reservoir rocks
are shown in Figures 5e11. Terpane and sterane peak assignments
for these ﬁgures are listed in Table 3.
For the four source rocks Q10-6S1 to Q10-6S4 within the Upper
Permian Longtan Formation, both bitumen I and II fractions contain
higher relative concentrations of C30 diahopane, while bitumen III
fractions contain much lower relative concentrations of thisFigure 3. Crossplot of atomic O/C vs. H/C for kerogen in the source rocks (S) and
pyrobitumen in the reservoir rocks (R).compound. The ratio of C30 diahopane/C30 hopane range from 0.10
to 0.62, 0.23e0.53, and 0.07e0.09, respectively for bitumen I, II and
III (Table 2, Fig. 5). The other source rocks and all of the 64 reservoir
rocks contain lower relative concentration of this compound with
the ratio of C30 diahopane/C30 hopane lower than 0.14, and mostly
lower than 0.10 for all three bitumen fractions.
The Ts/Tm ratio varies closely with C30 diahopane/C30 hopane
ratio. This ratio ranges from 1.09 to 2.18, 2.01e2.43 and 0.99e1.17,
respectively for bitumen I, II and III for the four source rocks Q10-
6S1 to Q10-6S4. All of the three bitumen fractions for the other
source rocks and all of the reservoir rocks, have ratios<1.63, mostly
<1.30 (Table 2).
4.2.2. Relative concentrations of tricyclic terpanes and C21 sterane
For 30 source rocks, the ratios of C19e24 tricyclic terpanes/(C19e24
tricyclic terpanes þ C30 hopane) and C21/(C21þSC29) for bitumen I
vary in a similar range, i.e., 0.10e0.93 and 0.11e0.92, respectively,
mostly in the range 0.30e0.90. For bitumen II, these two ratios
range from 0.25 to 0.82 and 0.15e0.60, respectively. For bitumen III,
they range from 0.038 to 0.36 and 0.060e0.48, respectively, mostly
<0.20 (Table 2, Fig. 12a).
For 64 reservoir rocks, these two ratios for bitumen I range from
0.033 to 0.64 and 0.027e0.57, respectively. For bitumen II, they
range from 0.20 to 0.88 and 0.13e0.70, respectively. For bitumen III,
they range from 0.094 to 0.68 and 0.11e0.57, respectively, mostly
<0.30 (Table 2, Fig. 12b).
4.2.3. Distribution patterns for tricyclic terpanes
For the four source rocks Q10-6S1 to Q10-6S4 from the Upper
Permian Longtan Formation, the peaks for C19 to C24 tricyclic ter-
panes may coelute with aromatic components in bitumen I and II
fractions (Fig. 5b and e), and therefore, data of these four samples
are not discussed in this section. These four source rocks contain
terrigenous organic matter. Bitumen I and II fractions have higher
concentration of aromatic components relative to saturated com-
ponents from these samples with high maturity, and therefore,
saturated fractions contain signiﬁcant amount of aromatic com-
ponents which were obtained using silica:alumina column frac-
tionation from these bitumens. For the other 26 source rocks,
bitumen III fractions have the distribution pattern of tricyclic ter-
panes C20 < C21  C23, with the concentrations increasing from C20,
through C21 to C23 tricyclic terpanes. In contrast, bitumen II frac-
tions have the opposite pattern, i.e. C20  C21 > C23. Bitumen I
Table 2
Selected molecular parameters.
T/(TþH) 22T/21T 23T/21T Ts/Tm C30d/
C30H
G/C31H C28DH/
C29H
C29DH/
C30H
C21/
(C21þSC29)
D/(Dþ R) C27/
SC27e29
C28/
SC27e29
C29/
SC27e29
Q10-6S1a 0.47 0.69 0.92 2.18 0.62 0.26 0.33 0.12 0.22 0.32 0.33 0.31 0.36
Q10-6S1b 0.46 0.40 0.38 2.01 0.45 0.20 0.10 0.05 0.42 0.21 0.51 0.20 0.30
Q10-6S1c 0.18 0.27 1.15 1.17 0.09 0.26 0.48 0.25 0.15 0.26 0.32 0.29 0.39
Q10-6S2a 0.93 1.10 0.23 1.39 0.16 0.27 0.31 0.15 0.41 0.30 0.47 0.24 0.29
Q10-6S2b 0.54 0.22 0.30 2.05 0.23 0.19 0.20 0.08 0.35 0.28 0.38 0.28 0.34
Q10-6S2c 0.06 0.31 1.13 1.13 0.09 0.23 0.32 0.14 0.09 0.23 0.28 0.31 0.41
Q10-6S3a 0.38 0.28 1.63 1.23 0.12 0.29 0.38 0.13 0.41 0.39 0.36 0.34 0.30
Q10-6S3b 0.58 0.56 0.36 2.17 0.25 0.21 0.18 0.07 0.30 0.35 0.30 0.35 0.35
Q10-6S3c 0.22 0.33 1.30 1.20 0.07 0.23 0.32 0.16 0.20 0.31 0.27 0.31 0.42
Q10-6S4a 0.43 0.45 1.96 1.09 0.10 0.30 0.36 0.16 0.40 0.31 0.36 0.33 0.31
Q10-6S4b 0.82 0.44 0.34 2.43 0.53 0.21 0.26 0.10 0.60 0.39 0.35 0.38 0.27
Q10-6S4c 0.12 0.32 1.40 1.05 0.07 0.27 0.50 0.27 0.13 0.26 0.31 0.32 0.37
HB1S5a 0.78 0.22 0.70 1.48 0.09 0.26 0.31 0.12 0.77 0.42 0.42 0.32 0.26
HB1S5b 0.25 0.14 0.33 1.44 0.07 0.25 0.10 0.04 0.28 0.21 0.37 0.25 0.39
HB1S5c 0.08 0.33 1.24 0.99 0.09 0.25 0.40 0.22 0.12 0.23 0.25 0.34 0.41
Q1S6a 0.75 0.20 0.69 1.32 0.06 0.27 0.24 0.10 0.72 0.30 0.41 0.30 0.29
Q1S6b 0.43 0.08 0.18 0.87 0.07 0.21 0.36 0.03 0.35 0.22 0.36 0.25 0.40
Q1S6c 0.12 0.32 1.46 1.08 0.08 0.26 0.51 0.23 0.16 0.25 0.35 0.32 0.33
Q1S7a 0.81 0.22 0.74 1.12 0.07 0.28 0.26 0.10 0.76 0.29 0.39 0.31 0.30
Q1S7b 0.28 0.15 0.41 1.58 0.07 0.20 0.24 0.06 0.22 0.22 0.33 0.27 0.40
Q1S7c 0.06 0.29 1.18 1.13 0.08 0.23 0.34 0.17 0.08 0.22 0.27 0.35 0.38
Q1S8a 0.84 0.19 0.58 1.13 0.08 0.25 0.26 0.10 0.79 0.30 0.37 0.33 0.30
Q1S8b 0.45 0.15 0.36 1.21 0.06 0.20 0.16 0.06 0.41 0.23 0.37 0.30 0.33
Q1S8c 0.10 0.33 1.48 1.07 0.07 0.26 0.47 0.25 0.13 0.24 0.33 0.33 0.35
NSH-S9a 0.93 0.21 0.58 1.32 0.07 0.38 0.36 0.10 0.92 0.37 0.38 0.30 0.32
NSH-S9b 0.45 0.13 0.34 1.35 0.07 0.22 0.17 0.06 0.38 0.26 0.30 0.31 0.38
NSH-S9c 0.06 0.29 1.10 1.20 0.07 0.25 0.33 0.15 0.11 0.21 0.31 0.29 0.40
NSH-S10a 0.65 0.22 0.74 1.52 0.08 0.31 0.20 0.09 0.65 0.32 0.37 0.29 0.34
NSH-S10b 0.55 0.11 0.31 1.35 0.11 0.44 0.25 0.07 0.52 0.26 0.34 0.30 0.36
NSH-S10c 0.08 0.28 1.02 1.03 0.08 0.23 0.32 0.15 0.13 0.25 0.29 0.31 0.41
NSH-S11a 0.84 0.26 0.84 1.32 0.08 0.32 0.29 0.10 0.85 0.36 0.35 0.31 0.34
NSH-S11b 0.68 0.10 0.28 1.23 0.05 0.20 0.16 0.08 0.60 0.33 0.32 0.31 0.37
NSH-S11c 0.09 0.33 1.40 1.09 0.08 0.27 0.61 0.27 0.11 0.23 0.33 0.31 0.36
QL-S12a 0.72 0.21 0.79 0.92 0.08 0.31 0.34 0.16 0.70 0.30 0.52 0.24 0.24
QL-S12b 0.49 0.14 0.35 1.49 0.07 0.19 0.20 0.06 0.44 0.29 0.30 0.33 0.37
QL-S12c 0.09 0.28 1.03 1.12 0.08 0.25 0.33 0.15 0.14 0.21 0.28 0.34 0.38
GYQ-S13a 0.68 0.21 0.73 1.34 0.08 0.28 0.31 0.15 0.71 0.39 0.43 0.30 0.27
GYQ-S13b 0.39 0.12 0.40 1.17 0.07 0.23 0.31 0.06 0.33 0.22 0.34 0.30 0.37
GYQ-S13c 0.04 0.29 1.34 1.04 0.08 0.23 0.23 0.12 0.08 0.23 0.25 0.34 0.41
GYQ-S14a 0.74 0.20 0.68 1.18 0.10 0.30 0.31 0.13 0.75 0.34 0.47 0.27 0.25
GYQ-S14b 0.28 0.10 0.34 1.20 0.07 0.22 0.24 0.07 0.21 0.33 0.35 0.28 0.36
GYQ-S14c 0.09 0.32 1.35 1.35 0.07 0.21 0.22 0.14 0.14 0.26 0.32 0.31 0.37
TB-S15a 0.50 0.21 0.85 0.73 0.06 0.49 0.19 0.07 0.38 0.23 0.38 0.33 0.28
TB-S15b 0.68 0.10 0.27 1.07 0.07 0.23 0.16 0.07 0.51 0.24 0.39 0.31 0.30
TB-S15c 0.08 0.31 1.05 1.12 0.09 0.27 0.35 0.16 0.14 0.23 0.30 0.33 0.37
NSH-S16a 0.86 0.23 0.73 1.25 0.06 0.28 0.35 0.14 0.87 0.36 0.44 0.31 0.25
NSH-S16b 0.57 0.15 0.45 1.30 0.07 0.22 0.19 0.07 0.50 0.30 0.29 0.36 0.35
NSH-S16c 0.36 0.29 1.33 1.22 0.09 0.18 0.20 0.10 0.48 0.27 0.52 0.19 0.29
NSH-S17a 0.88 0.24 0.71 1.21 0.06 0.27 0.27 0.12 0.89 0.37 0.36 0.32 0.32
NSH-S17b 0.27 0.17 0.63 1.40 0.09 0.17 0.14 0.06 0.29 0.27 0.34 0.31 0.35
NSH-S17c 0.10 0.31 1.43 1.08 0.07 0.26 0.54 0.25 0.13 0.23 0.31 0.33 0.36
NSH-S18a 0.37 0.23 0.81 1.15 0.07 0.27 0.15 0.06 0.43 0.32 0.32 0.31 0.37
NSH-S18b 0.46 0.12 0.23 1.28 0.07 0.25 0.13 0.05 0.33 0.24 0.28 0.29 0.43
NSH-S18c 0.09 0.24 0.90 1.11 0.08 0.17 0.29 0.15 0.13 0.21 0.30 0.26 0.44
NJST-S19a 0.77 0.25 0.97 0.82 0.08 0.36 0.30 0.13 0.72 0.37 0.44 0.28 0.27
NJST-S19b 0.40 0.14 0.39 1.19 0.07 0.24 0.17 0.08 0.31 0.21 0.35 0.29 0.36
NJST-S19c 0.12 0.29 1.10 1.13 0.09 0.21 0.46 0.20 0.16 0.28 0.27 0.33 0.41
JSYK-S20a 0.87 0.17 0.43 1.20 0.13 0.24 0.26 0.10 0.82 0.39 0.33 0.33 0.34
JSYK-S20b 0.58 0.10 0.27 0.32 0.09 0.22 0.17 0.06 0.56 0.23 0.38 0.28 0.33
JSYK-S20c 0.08 0.25 1.02 1.08 0.07 0.24 0.41 0.18 0.12 0.25 0.31 0.32 0.37
JSYK-S21a 0.43 0.17 0.44 1.43 0.04 0.64 0.09 0.03 0.47 0.14 0.62 0.18 0.20
JSYK-S21b 0.61 0.09 0.18 1.21 0.07 0.34 0.16 0.06 0.44 0.26 0.30 0.31 0.38
JSYK-S21c 0.05 0.24 1.05 1.12 0.07 0.25 0.37 0.16 0.06 0.20 0.27 0.39 0.35
RX-S22a 0.62 0.22 0.88 0.75 0.11 0.40 0.26 0.07 0.57 0.27 0.35 0.39 0.26
RX-S22b 0.45 0.13 0.31 1.22 0.07 0.46 0.14 0.08 0.31 0.16 0.37 0.29 0.34
RX-S22c 0.05 0.25 1.03 1.04 0.08 0.28 0.35 0.15 0.09 0.18 0.32 0.31 0.36
XTG-S23a 0.40 0.18 0.41 1.16 0.06 0.65 0.10 0.04 0.46 0.22 0.34 0.32 0.34
XTG-S23b 0.41 0.14 0.29 1.37 0.06 0.29 0.23 0.06 0.33 0.27 0.28 0.31 0.41
XTG-S23c 0.10 0.27 1.11 1.03 0.07 0.20 0.32 0.16 0.17 0.26 0.30 0.30 0.40
HS1S24a 0.12 0.31 1.30 1.08 0.07 0.31 0.19 0.08 0.15 0.23 0.34 0.30 0.35
HS1S24b 0.27 0.08 0.23 1.71 0.07 0.19 0.34 0.04 0.16 0.37 0.42 0.13 0.46
HS1S24c 0.15 0.29 1.12 1.38 0.05 0.11 0.22 0.12 0.20 0.30 0.30 0.33 0.38
GK1S25a 0.43 0.28 1.29 1.11 0.14 0.37 0.13 0.05 0.35 0.29 0.42 0.31 0.27
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Table 2 (continued )
T/(TþH) 22T/21T 23T/21T Ts/Tm C30d/
C30H
G/C31H C28DH/
C29H
C29DH/
C30H
C21/
(C21þSC29)
D/(Dþ R) C27/
SC27e29
C28/
SC27e29
C29/
SC27e29
GK1S25b 0.50 0.15 0.40 1.23 0.11 0.25 0.11 0.05 0.41 0.28 0.36 0.30 0.34
GK1S25c 0.13 0.25 1.01 1.07 0.08 0.29 0.34 0.16 0.14 0.24 0.31 0.32 0.37
GK1S26a 0.40 0.26 1.16 1.06 0.10 0.48 0.17 0.08 0.37 0.22 0.37 0.31 0.32
GK1S26b 0.72 0.13 0.27 1.15 0.08 0.28 0.52 0.08 0.56 0.30 0.40 0.27 0.33
GK1S26c 0.14 0.30 1.19 1.17 0.05 0.24 0.33 0.17 0.18 0.27 0.29 0.35 0.36
GK1S27a 0.10 0.32 1.51 1.05 0.09 0.41 0.11 0.05 0.11 0.20 0.33 0.30 0.37
GK1S27b 0.45 0.08 0.17 0.93 0.07 0.23 0.20 0.06 0.32 0.21 0.36 0.28 0.36
GK1S27c 0.29 0.26 0.78 1.26 0.06 0.12 0.21 0.10 0.29 0.24 0.37 0.26 0.37
DSD-S28a 0.47 0.20 0.57 1.28 0.05 0.35 0.11 0.05 0.53 0.26 0.29 0.34 0.37
DSD-S28b 0.39 0.13 0.39 1.63 0.05 0.37 0.15 0.06 0.32 0.26 0.28 0.33 0.40
DSD-S28c 0.05 0.31 1.30 1.03 0.07 0.23 0.39 0.17 0.09 0.25 0.28 0.32 0.39
SL-S29a 0.70 0.18 0.47 1.23 0.07 0.36 0.16 0.08 0.69 0.27 0.32 0.34 0.34
SL -S29b 0.57 0.14 0.34 1.20 0.07 0.23 0.19 0.07 0.49 0.28 0.31 0.32 0.37
SL -S29c 0.08 0.28 0.99 1.04 0.07 0.21 0.39 0.16 0.12 0.29 0.26 0.32 0.42
SL -S30a 0.46 0.21 0.57 1.28 0.05 0.75 0.12 0.05 0.51 0.26 0.32 0.30 0.38
SL -S30b 0.50 0.07 0.17 1.21 0.07 0.21 0.13 0.04 0.40 0.29 0.35 0.29 0.37
SL -S30c 0.21 0.23 1.00 1.25 0.08 0.16 0.24 0.10 0.28 0.25 0.33 0.33 0.34
PG2R1a 0.46 0.20 0.74 1.08 0.07 0.39 0.23 0.10 0.40 0.21 0.30 0.29 0.41
PG2R1b 0.61 0.27 1.04 1.11 0.06 0.29 0.21 0.09 0.39 0.26 0.28 0.34 0.38
PG2R1c 0.13 0.33 1.18 1.21 0.07 0.37 0.28 0.10 0.14 0.28 0.28 0.30 0.42
PG2R2a 0.37 0.24 0.95 1.14 0.08 0.33 0.30 0.12 0.33 0.28 0.34 0.28 0.38
PG2R2b 0.41 0.17 0.74 1.16 0.07 0.25 0.24 0.08 0.34 0.30 0.30 0.33 0.37
PG2R2c 0.18 0.27 1.14 1.21 0.07 0.22 0.38 0.19 0.18 0.26 0.31 0.36 0.34
PG2R3a 0.44 0.25 1.04 1.04 0.06 0.35 0.38 0.17 0.39 0.25 0.38 0.26 0.36
PG2R3b 0.45 0.18 0.52 1.12 0.06 0.22 0.24 0.10 0.32 0.30 0.31 0.28 0.41
PG2R3c 0.18 0.28 1.03 1.10 0.07 0.24 0.42 0.18 0.22 0.29 0.24 0.37 0.39
PG2R4a 0.44 0.22 0.71 1.12 0.07 0.32 0.28 0.13 0.41 0.23 0.37 0.28 0.35
PG2R4b 0.50 0.14 0.30 1.02 0.07 0.23 0.25 0.10 0.41 0.28 0.34 0.27 0.39
PG2R4c 0.17 0.31 1.38 1.12 0.07 0.14 0.42 0.18 0.16 0.23 0.35 0.31 0.34
PG2R5a 0.30 0.22 0.82 1.24 0.08 0.34 0.26 0.10 0.35 0.26 0.33 0.29 0.38
PG2R5b 0.65 0.11 0.27 1.03 0.07 0.19 0.21 0.08 0.57 0.30 0.31 0.32 0.38
PG2R5c 0.23 0.23 1.04 1.29 0.11 0.24 0.30 0.15 0.22 0.25 0.31 0.29 0.40
PG2R6a 0.21 0.24 1.02 1.13 0.07 0.33 0.27 0.11 0.18 0.21 0.34 0.31 0.35
PG2R6b 0.27 0.18 0.61 1.36 0.13 0.19 0.39 0.07 0.30 0.21 0.59 0.17 0.23
PG2R7a 0.26 0.24 1.08 1.05 0.07 0.32 0.33 0.14 0.21 0.23 0.36 0.30 0.34
PG2R7b 0.28 0.22 0.84 1.05 0.07 0.25 0.27 0.10 0.25 0.30 0.33 0.31 0.36
PG2R7c 0.19 0.27 1.10 1.12 0.05 0.23 0.52 0.17 0.28 0.29 0.29 0.34 0.36
PG2R8a 0.51 0.28 1.14 1.07 0.07 0.29 0.27 0.11 0.53 0.27 0.37 0.29 0.34
PG2R8c 0.24 0.29 1.19 1.53 0.10 0.34 0.23 0.12 0.24 0.29 0.27 0.33 0.40
PG2R9a 0.38 0.26 1.20 1.12 0.32 0.19 0.09 0.40 0.23 0.31 0.27 0.42
PG2R9c 0.12 0.28 1.33 1.11 0.05 0.35 0.23 0.12 0.11 0.22 0.28 0.33 0.40
PG2R10a 0.22 0.32 1.67 1.01 0.06 0.32 0.22 0.11 0.28 0.26 0.33 0.31 0.36
PG2R11a 0.35 0.29 1.33 1.05 0.06 0.31 0.21 0.10 0.43 0.26 0.31 0.29 0.39
PG2R12a 0.13 0.30 1.55 0.99 0.06 0.39 0.18 0.08 0.20 0.22 0.32 0.31 0.37
PG2R12c 0.16 0.26 1.19 1.22 0.07 0.95 0.17 0.12 0.16 0.31 0.21 0.31 0.48
PG2R13a 0.14 0.30 1.36 1.00 0.06 0.44 0.20 0.09 0.18 0.23 0.33 0.29 0.38
PG2R14a 0.13 0.34 1.84 0.99 0.05 0.42 0.21 0.08 0.20 0.24 0.29 0.28 0.43
PG2R14c 0.10 0.29 1.14 1.12 0.06 0.35 0.22 0.12 0.09 0.19 0.27 0.30 0.43
PG2R15a 0.19 0.31 1.84 1.01 0.06 0.35 0.24 0.12 0.24 0.27 0.33 0.32 0.35
PG2R16a 0.25 0.29 1.50 0.85 0.06 0.41 0.30 0.15 0.30 0.25 0.28 0.33 0.39
PG2R16c 0.21 0.24 0.96 1.15 0.07 0.41 0.20 0.12 0.19 0.25 0.24 0.31 0.45
PG2R17a 0.48 0.23 0.78 1.07 0.06 0.28 0.31 0.13 0.40 0.20 0.37 0.28 0.35
PG2R18a 0.28 0.23 0.93 1.03 0.06 0.39 0.18 0.09 0.34 0.27 0.32 0.32 0.36
PG2R18b 0.61 0.28 1.38 1.12 0.07 0.24 0.24 0.11 0.58 0.36 0.30 0.36 0.34
PG2R18c 0.18 0.27 0.80 1.20 0.09 0.32 0.19 0.13 0.21 0.22 0.28 0.31 0.42
PG2R19a 0.36 0.23 1.08 0.81 0.07 0.48 0.30 0.15 0.39 0.26 0.29 0.35 0.36
PG2R19b 0.34 0.25 1.18 0.90 0.07 0.42 0.27 0.14 0.35 0.30 0.28 0.33 0.39
PG2R19c 0.23 0.22 0.77 0.32 0.04 0.59 0.12 0.08 0.18 0.24 0.26 0.29 0.45
PG2R20a 0.24 0.21 0.88 1.34 0.08 0.38 0.17 0.07 0.20 0.26 0.38 0.32 0.30
PG2R20b 0.48 0.16 0.50 1.23 0.08 0.33 0.20 0.07 0.46 0.26 0.37 0.30 0.33
PG2R20c 0.22 0.22 0.95 1.08 0.06 0.21 0.42 0.20 0.27 0.26 0.27 0.37 0.36
PG104R21a 0.06 0.44 2.62 0.90 0.09 0.35 0.16 0.07 0.04 0.21 0.31 0.28 0.40
PG104R21b 0.26 0.13 0.40 1.04 0.08 0.24 0.16 0.06 0.22 0.31 0.31 0.28 0.41
PG104R21c 0.16 0.29 1.22 1.29 0.07 0.13 0.33 0.17 0.19 0.23 0.33 0.34 0.34
PG104R22a 0.17 0.41 2.45 1.01 0.08 0.28 0.20 0.09 0.13 0.27 0.38 0.26 0.35
PG104R22b 0.57 0.13 0.45 1.30 0.09 0.22 0.12 0.04 0.53 0.30 0.37 0.27 0.36
PG104R22c 0.14 0.30 1.10 1.20 0.07 0.16 0.21 0.11 0.17 0.27 0.32 0.27 0.41
PG104R23a 0.12 0.33 1.64 0.90 0.10 0.40 0.16 0.08 0.08 0.19 0.34 0.28 0.38
PG104R23b 0.89 0.09 0.19 0.98 0.08 0.33 0.19 0.07 0.45 0.29 0.31 0.30 0.39
PG104R23c 0.13 0.27 1.20 0.86 0.07 0.22 0.23 0.14 0.14 0.22 0.44 0.19 0.36
PG104R24a 0.10 0.33 1.33 0.81 0.07 0.38 0.15 0.08 0.07 0.20 0.30 0.32 0.38
PG104R24b 0.86 0.13 0.32 1.00 0.08 0.23 0.22 0.06 0.57 0.32 0.30 0.33 0.38
PG104R24c 0.16 0.27 1.19 1.20 0.09 0.24 0.29 0.13 0.17 0.24 0.33 0.30 0.36
(continued on next page)
X. Jin et al. / Marine and Petroleum Geology 56 (2014) 147e165 155
Table 2 (continued )
T/(TþH) 22T/21T 23T/21T Ts/Tm C30d/
C30H
G/C31H C28DH/
C29H
C29DH/
C30H
C21/
(C21þSC29)
D/(Dþ R) C27/
SC27e29
C28/
SC27e29
C29/
SC27e29
PG304R25a 0.11 0.36 1.84 0.86 0.13 0.27 0.19 0.06 0.08 0.24 0.40 0.21 0.39
PG304R25b 0.43 0.14 0.38 0.99 0.08 0.26 0.14 0.05 0.26 0.29 0.32 0.27 0.41
PG304R25c 0.10 0.32 1.40 1.28 0.07 0.24 0.29 0.17 0.14 0.26 0.30 0.32 0.38
PG304R26a 0.28 0.35 1.72 0.96 0.10 0.43 0.32 0.11 0.27 0.27 0.43 0.26 0.31
PG304R26b 0.38 0.12 0.32 1.09 0.06 0.19 0.13 0.06 0.36 0.22 0.44 0.24 0.32
PG304R26c 0.17 0.31 1.08 1.29 0.08 0.19 0.37 0.18 0.22 0.29 0.31 0.34 0.35
PG304R27a 0.26 0.28 1.10 0.89 0.06 0.47 0.21 0.08 0.21 0.17 0.34 0.31 0.35
PG304R27b 0.59 0.11 0.25 1.10 0.07 0.27 0.14 0.06 0.52 0.26 0.31 0.32 0.37
PG304R27c 0.17 0.22 0.97 1.24 0.07 0.20 0.28 0.18 0.19 0.28 0.30 0.32 0.38
PG5R28a 0.26 0.37 2.56 0.72 0.07 0.32 0.17 0.09 0.09 0.17 0.37 0.35 0.28
PG5R28b 0.57 0.28 1.31 1.04 0.09 0.30 0.18 0.10 0.34 0.20 0.44 0.30 0.26
PG5R28c 0.68 0.23 0.99 0.97 0.06 0.30 0.42 0.15 0.58 0.26 0.28 0.34 0.39
LJ9R29a 0.06 0.28 1.43 1.04 0.11 0.25 0.07 0.04 0.08 0.18 0.28 0.32 0.39
LJ9R29b 0.20 0.22 0.75 1.11 0.09 0.26 0.09 0.04 0.27 0.22 0.26 0.34 0.40
LJ9R29c 0.18 0.26 1.17 1.45 0.06 0.45 0.23 0.14 0.16 0.23 0.26 0.30 0.43
DSY-R34a 0.39 0.33 1.75 1.18 0.07 0.29 0.32 0.15 0.44 0.43 0.38 0.31 0.31
DSY-R34b 0.31 0.25 0.96 1.18 0.10 0.20 0.19 0.08 0.38 0.32 0.30 0.30 0.40
DSY-R34c 0.19 0.35 1.34 1.37 0.05 0.51 0.24 0.13 0.14 0.25 0.29 0.30 0.41
PG5R35a 0.48 0.36 2.37 0.79 0.07 0.47 0.32 0.17 0.37 0.38 0.23 0.38 0.38
PG5R35b 0.56 0.28 1.58 0.89 0.07 0.33 0.27 0.12 0.49 0.33 0.30 0.35 0.35
PG5R35c 0.13 0.24 1.01 0.97 0.07 0.45 0.31 0.13 0.13 0.19 0.25 0.28 0.47
PG5R36a 0.28 0.35 2.40 0.80 0.05 0.41 0.21 0.11 0.19 0.20 0.38 0.28 0.34
PG5R36b 0.45 0.31 1.71 0.99 0.07 0.29 0.24 0.11 0.32 0.27 0.33 0.34 0.32
PG5R36c 0.14 0.31 1.11 1.17 0.06 0.48 0.34 0.12 0.15 0.17 0.28 0.30 0.42
PG5R37a 0.34 0.34 2.01 1.06 0.09 0.25 1.13 0.55 0.30 0.40 0.41 0.30 0.29
PG5R37b 0.33 0.28 1.45 1.03 0.06 0.24 0.59 0.26 0.27 0.40 0.35 0.30 0.35
PG5R37c 0.13 0.28 1.29 1.18 0.08 0.21 0.26 0.12 0.22 0.28 0.31 0.33 0.36
PG5R38a 0.49 0.29 1.57 0.91 0.06 0.35 0.25 0.12 0.44 0.28 0.37 0.33 0.31
PG5R38b 0.52 0.21 0.90 1.11 0.07 0.29 0.21 0.09 0.47 0.29 0.37 0.29 0.35
PG5R38c 0.18 0.23 0.84 1.23 0.07 0.46 0.24 0.12 0.19 0.18 0.27 0.30 0.43
PG5R39a 0.30 0.31 1.52 0.99 0.08 0.37 0.20 0.09 0.20 0.26 0.32 0.34 0.33
PG5R39b 0.22 0.25 1.11 1.09 0.09 0.26 0.14 0.05 0.30 0.30 0.33 0.32 0.34
PG5R39c 0.11 0.30 1.00 1.21 0.07 0.33 0.23 0.10 0.13 0.21 0.26 0.32 0.42
PG5R40a 0.49 0.33 1.83 0.66 0.06 0.40 0.32 0.16 0.23 0.21 0.40 0.31 0.29
PG5R40b 0.54 0.30 1.74 0.77 0.06 0.36 0.27 0.12 0.24 0.24 0.33 0.38 0.29
PG5R40c 0.46 0.22 1.03 0.42 0.07 0.52 0.18 0.12 0.25 0.27 0.28 0.34 0.38
PG6R41a 0.25 0.33 2.07 0.89 0.06 0.37 0.26 0.12 0.16 0.26 0.30 0.35 0.35
PG6R41b 0.28 0.24 1.12 0.98 0.27 0.20 0.10 0.26 0.24 0.28 0.30 0.42
PG6R41c 0.15 0.23 0.75 1.01 0.06 0.48 0.23 0.13 0.15 0.23 0.25 0.30 0.45
PG8R42a 0.52 0.22 0.90 1.07 0.07 0.31 0.27 0.11 0.51 0.33 0.38 0.32 0.30
PG8R42b 0.30 0.21 0.68 1.09 0.08 0.27 0.18 0.08 0.32 0.28 0.30 0.28 0.42
PG8R42c 0.13 0.26 0.94 1.16 0.08 0.37 0.24 0.11 0.15 0.28 0.26 0.29 0.45
PG8R43a 0.59 0.18 0.67 1.01 0.06 0.34 0.31 0.12 0.48 0.30 0.44 0.31 0.25
PG8R43b 0.38 0.17 0.60 0.99 0.08 0.20 0.27 0.09 0.30 0.26 0.39 0.31 0.30
PG8R43c 0.14 0.27 1.22 1.20 0.07 0.25 0.29 0.13 0.15 0.29 0.25 0.34 0.41
PG8R44a 0.64 0.20 0.77 1.17 0.07 0.29 0.33 0.13 0.54 0.26 0.48 0.29 0.22
PG8R44b 0.66 0.11 0.29 1.17 0.06 0.19 0.24 0.10 0.57 0.34 0.35 0.31 0.34
PG8R44c 0.14 0.27 1.00 1.22 0.06 0.20 0.40 0.22 0.16 0.23 0.25 0.41 0.34
PG304R45a 0.19 0.32 0.50 1.01 0.09 0.24 0.34 0.13 0.20 0.25 0.32 0.29 0.39
PG304R45b 0.27 0.16 1.60 1.05 0.08 0.35 0.07 0.02 0.18 0.21 0.37 0.30 0.33
PG304R45c 0.21 0.29 1.29 1.10 0.08 0.20 0.34 0.17 0.24 0.22 0.30 0.27 0.43
PG304R46a 0.13 0.34 1.81 0.91 0.06 0.41 0.21 0.08 0.07 0.19 0.32 0.32 0.36
PG304R46b 0.55 0.24 0.86 1.38 0.06 0.23 0.22 0.08 0.48 0.34 0.44 0.27 0.30
PG304R47a 0.03 0.40 2.96 1.01 0.07 0.32 0.10 0.05 0.03 0.17 0.34 0.30 0.36
PG304R47b 0.49 0.18 0.55 1.15 0.10 0.27 0.19 0.06 0.39 0.30 0.37 0.26 0.37
PG304R47c 0.41 0.27 1.29 1.07 0.05 0.29 0.24 0.12 0.40 0.24 0.38 0.24 0.38
MB3R48a 0.41 0.35 1.59 1.10 0.08 0.30 0.25 0.12 0.51 0.35 0.39 0.32 0.29
MB3R48b 0.55 0.18 0.59 1.36 0.07 0.12 0.14 0.08 0.70 0.30 0.35 0.27 0.38
MB3R48c 0.16 0.28 1.19 1.36 0.09 0.36 0.18 0.11 0.16 0.29 0.24 0.34 0.43
PLD-R49a 0.51 0.23 0.85 1.06 0.07 0.25 0.25 0.12 0.57 0.34 0.34 0.33 0.33
PLD-R49a 0.51 0.22 0.75 1.42 0.08 0.16 0.17 0.08 0.62 0.33 0.42 0.22 0.37
PLD-R49a 0.20 0.32 1.21 1.63 0.05 0.45 0.27 0.15 0.17 0.25 0.23 0.33 0.44
PLD-R50a 0.44 0.24 0.84 0.56 0.05 0.33 0.25 0.14 0.42 0.32 0.22 0.32 0.46
PLD-R50a 0.52 0.20 0.65 0.95 0.07 0.28 0.10 0.07 0.61 0.27 0.30 0.29 0.41
PLD-R50a 0.13 0.33 1.40 1.34 0.06 0.56 0.31 0.14 0.12 0.24 0.25 0.27 0.48
DT002R51a 0.09 0.39 2.46 0.92 0.08 0.23 0.22 0.09 0.07 0.21 0.34 0.33 0.32
DT002R51b 0.23 0.14 0.51 0.93 0.08 0.22 0.17 0.08 0.14 0.23 0.32 0.33 0.35
DT002R51c 0.15 0.29 1.13 1.22 0.05 0.22 0.22 0.12 0.19 0.25 0.31 0.32 0.37
DT002R52a 0.07 0.30 1.83 0.96 0.08 0.25 0.22 0.11 0.07 0.20 0.34 0.32 0.34
DT002R52b 0.33 0.15 0.53 1.03 0.07 0.27 0.24 0.09 0.25 0.22 0.35 0.32 0.33
DT002R52c 0.18 0.32 1.26 1.25 0.07 0.22 0.28 0.14 0.17 0.26 0.29 0.37 0.34
GS1R54a 0.15 0.21 0.86 1.18 0.08 0.17 0.20 0.08 0.21 0.25 0.36 0.32 0.32
GS1R54b 0.71 0.11 0.19 1.16 0.09 0.18 0.26 0.07 0.52 0.30 0.37 0.31 0.32
GS1R54c 0.18 0.25 0.95 1.12 0.08 0.30 0.48 0.22 0.21 0.24 0.32 0.32 0.36
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Table 2 (continued )
T/(TþH) 22T/21T 23T/21T Ts/Tm C30d/
C30H
G/C31H C28DH/
C29H
C29DH/
C30H
C21/
(C21þSC29)
D/(Dþ R) C27/
SC27e29
C28/
SC27e29
C29/
SC27e29
GS1R55a 0.16 0.22 0.73 1.18 0.10 0.19 0.20 0.08 0.23 0.21 0.34 0.32 0.34
GS1R55b 0.50 0.13 0.37 1.31 0.09 0.24 0.18 0.06 0.48 0.29 0.40 0.26 0.33
GS1R55c 0.14 0.30 1.16 1.16 0.08 0.25 0.22 0.12 0.24 0.26 0.33 0.33 0.34
GS1R56a 0.30 0.23 0.82 1.28 0.09 0.17 0.23 0.09 0.34 0.25 0.35 0.33 0.32
GS1R56b 0.45 0.13 0.25 1.15 0.07 0.23 0.26 0.07 0.35 0.27 0.41 0.28 0.32
GS1R56c 0.11 0.27 1.14 1.24 0.07 0.24 0.31 0.15 0.17 0.25 0.29 0.34 0.37
GS1R57a 0.14 0.23 0.98 1.26 0.11 0.19 0.19 0.09 0.18 0.27 0.32 0.35 0.33
GS1R57b 0.73 0.09 0.23 1.20 0.09 0.22 0.18 0.06 0.59 0.31 0.36 0.28 0.36
GS1R57c 0.16 0.29 1.25 1.09 0.06 0.17 0.33 0.18 0.19 0.19 0.32 0.31 0.37
GS1R58a 0.28 0.26 0.99 1.25 0.11 0.19 0.23 0.09 0.35 0.27 0.35 0.32 0.33
GS1R58b 0.48 0.10 0.24 1.22 0.09 0.22 0.17 0.06 0.44 0.27 0.36 0.31 0.33
GS1R58c 0.13 0.29 1.05 1.22 0.06 0.23 0.28 0.15 0.15 0.24 0.31 0.31 0.39
GK1R59a 0.14 0.28 1.25 1.09 0.13 0.33 0.09 0.04 0.12 0.19 0.30 0.30 0.40
GK1R59b 0.44 0.08 0.17 1.04 0.10 0.28 0.13 0.04 0.23 0.21 0.34 0.28 0.38
GK1R59c 0.09 0.26 1.21 1.18 0.07 0.22 0.22 0.11 0.17 0.30 0.28 0.33 0.38
LMS-R60a 0.15 0.32 1.34 1.14 0.05 0.67 0.13 0.04 0.20 0.22 0.31 0.36 0.33
LMS-R60b 0.46 0.18 0.41 1.10 0.07 0.22 0.15 0.05 0.39 0.25 0.36 0.29 0.34
LMS-R61a 0.34 0.25 0.74 0.68 0.10 0.53 0.13 0.02 0.40 0.23 0.32 0.34 0.34
LMS-R61b 0.62 0.12 0.30 1.08 0.09 0.20 0.17 0.06 0.54 0.27 0.31 0.34 0.35
LMS-R61c 0.12 0.32 1.37 1.07 0.08 0.24 0.24 0.11 0.14 0.25 0.29 0.33 0.38
LMS-R62a 0.23 0.29 1.07 1.29 0.05 0.62 0.13 0.04 0.31 0.25 0.31 0.33 0.36
LMS-R62b 0.55 0.13 0.32 1.03 0.07 0.25 0.18 0.06 0.40 0.28 0.38 0.31 0.31
LMS-R62c 0.30 0.22 0.99 1.25 0.09 0.24 0.29 0.15 0.21 0.29 0.30 0.34 0.36
JSYK-R63a 0.13 0.30 1.19 1.43 0.06 0.56 0.11 0.03 0.17 0.21 0.27 0.36 0.36
JSYK-R63b 0.53 0.13 0.42 1.10 0.08 0.21 0.21 0.07 0.45 0.31 0.29 0.37 0.34
JSYK-R63c 0.30 0.22 0.89 1.05 0.07 0.16 0.33 0.17 0.18 0.21 0.35 0.34 0.31
JSYK-R64a 0.20 0.31 0.97 0.98 0.06 0.67 0.12 0.05 0.33 0.16 0.40 0.27 0.33
JSYK-R64b 0.62 0.11 0.26 1.12 0.08 0.22 0.15 0.06 0.54 0.35 0.30 0.28 0.42
JSYK-R64c 0.18 0.25 1.04 1.05 0.05 0.24 0.36 0.17 0.22 0.26 0.34 0.35 0.31
T/(T þ H): (SC19e24 tricyclic terpanes/6)/((SC19e24 tricyclic terpane/6) þ C30 hopane); 22T/21T: C22/C21 tricyclic terpanes; 23T/21T: C23/C21 tricyclic terpanes; C30d/C30H: C30
diahopane/C30 hopane; G/C31H: gammacerane/C31 hopanes (R þ S); C28DH/C29H: C28 25-norhopane/C29 hopane; C29DH/C30H: C29 25-norhopane/C30 hopane; C21/(C21þSC29):
C21/(C21þSC29) steranes; D/(D þ R): C27 diasteranes/(C27 diasteranes þ C27 regular steranes); C27/SC27e29: C27/(C27 þ C28 þ C29) steranes (aaa20R); C28/SC27e29: C28/
(C27 þ C28 þ C29) steranes (aaa20R); C29/SC27e29: C29/(C27 þ C28 þ C29) steranes (aaa20R); 25-norhopanes were measured on the m/z 177 mass chromatograms, all other
terpanes were measured on the m/z 191 mass chromatograms, and steranes were measured on the m/z 217 mass chromatograms.
Figure 5. Gas chromatograms andm/z 191 andm/z 217 mass chromatograms of source rock Q10-6S1 from the Upper Permian Longtan Formation in borehole Q10-6. (aec): bitumen
I; (def): bitumen II; (gei): bitumen III; peak identiﬁcations are in Table 3.
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Figure 6. Gas chromatograms and m/z 191 and m/z 217 mass chromatograms of source rock Q1S8 from the Lower Silurian Longmaxi Formation in borehole Q1. (aec): bitumen I;
(def): bitumen II; (gei): bitumen III; peak identiﬁcations are in Table 3.
Figure 7. Gas chromatograms and m/z 191 and m/z 217 mass chromatograms of source rock RX-S22 from the Lower Cambrian Niutitang Formation (Є1n) at outcrop RX in the
southeast of the Sichuan Basin. (aec): bitumen I; (def): bitumen II; (gei): bitumen III; peak identiﬁcations are in Table 3.
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Figure 8. Gas chromatograms andm/z 191 andm/z 217 mass chromatograms of source rock SL-S30 from the Lower Sinian Doushantuo Formation (Z1d) at outcrop SL in the south of
the Sichuan Basin. (aec): bitumen I; (def): bitumen II; (gei): bitumen III; peak identiﬁcations are in Table 3.
Figure 9. Gas chromatograms and m/z 191 and m/z 217 mass chromatograms of reservoir rock PG5R38 within the Upper Permian Changxing Formation (P2c) from borehole PG5 in
the Puguang gas ﬁeld, Eastern Sichuan Basin. (aec): bitumen I; (def): bitumen II; (gei): bitumen III; peak identiﬁcations are in Table 3.
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Figure 10. Gas chromatograms and m/z 191 and m/z 217 mass chromatograms of reservoir rock DT002R52 within the Middle Carboniferous Huanglong Formation (C2h) from
borehole DT002 in the Eastern Sichuan Basin. (aec): bitumen I; (def): bitumen II; (gei): bitumen III; peak identiﬁcations are in Table 3.
Figure 11. Gas chromatograms and m/z 191 and m/z 217 mass chromatograms of reservoir rock GK1R59 within the fourth section of the Upper Sinian Dengying Formation (Z2dn4)
from borehole GK1 in the Central Sichuan Basin. (aec): bitumen I; (def): bitumen II; (gei): bitumen III; peak identiﬁcations are in Table 3.
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Table 3
Terpane and sterane assignments for Figures 6e12.
Peak
Terpanes (m/z 191)
1 C19 tricyclic terpane
2 C20 tricyclic terpane
3 C21 tricyclic terpane
4 C22 tricyclic terpane
5 C23 tricyclic terpane
6 C24 tricyclic terpane
7 C25 tricyclic terpane
8 C24 tetracyclic terpane
9 C26 tricyclic terpane
10 C27 18a(H)-22,29,30-trisnorneohopane (Ts)
11 C27 17a(H)-22,29,30-trisnorhopane (Tm)
12 C29 17a(H),21b(H)-30-norhopane
13 C29 18a(H)-30-norneohopane (C29 Ts)
14 C30 17a(H)-diahopane
15 C29 17b(H),21a(H)-30-norhopane
16 C30 17a(H),21b(H)-hopane
17 C30 17b(H),21a(H)-hopane
18 C31 17a(H),21b(H)-homohopane 22S
19 C31 17a(H),21b(H)-homohopane 22R
20 Gammacerane
21 C32 17a(H),21b(H)-homohopane 22S
22 C32 17a(H),21b(H)-homohopane 22R
Steranes (m/z 217)
23 C21 sterane
24 C27 13b(H),17a(H)-diacholestane 20S
25 C27 13b(H),17a(H)-diacholestane 20R
26 C27 5a(H),14a(H),17a(H)-cholestane 20S
27 C27 5a(H),14b(H),17b(H)-cholestane 20R
28 C27 5a(H),14b(H),17b(H)-cholestane 20S
29 C27 5a(H),14a(H),17a(H)-cholestane 20R
30 C28 24-methyl-5a(H),14a(H),17a(H)-cholestane 20R
31 C29 24-ethyl-5a(H),14a(H),17a(H)-cholestane 20S
32 C29 24-ethyl-5a(H),14b(H),17b(H)-cholestane 20R
33 C29 24-ethyl-5a(H),14b(H),17b(H)-cholestane 20S
34 C29 24-ethyl-5a(H),14a(H),17a(H)-cholestane 20R
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II and III, i.e. C20 < C21 > C23 (Figs. 6e8). The ratios of C23/C21 and
C22/C21 tricyclic terpanes increase frombitumen II through bitumen
I to bitumen III (Fig. 13a).
For the 64 reservoir rocks, bitumen III fractions generally have
the distribution pattern of tricyclic terpanes C20 < C21  C23. Most
bitumen I fractions have the same C20 < C21  C23 pattern as the
bitumen III fractions, with some having the patterns C20< C21> C23Figure 12. Plot of the ratios of tricyclic terpanes/(tricyclic terpanes þ C30-17a(H)-hopane) ve
data for the four source rocks Q10-6S1 to Q10-6S4 are excluded.and C20  C21 > C23. About half of the bitumen II fractions have the
pattern C20  C21 > C23, while the other bitumen II fractions have
the patterns C20 < C21 > C23 and C20 < C21  C23 (Figs. 9e11). The
ratios of C23/C21 and C22/C21 tricyclic terpanes vary across a wide
range for bitumen I and II while in a narrow range for bitumen III.
They are generally higher for bitumen I and III than bitumen II
(Fig. 13b).
The ratio of C22/C21 rather than C21/C20 tricyclic terpanes is
demonstrated in Figure 13 because the peak of C20 tricyclic terpane
was inﬂuenced by elemental sulfur for some oil fractions, esp. in
bitumen III. Although activated copper was added during Soxhlet
extraction elemental sulfur was not completely removed from
these oil fractions.
5. Discussion
5.1. Sources of hydrocarbon gases in the marine reservoir rocks
The chemical and carbon isotopic compositions of hydrocarbon
gases within the Upper Sinian to the Lower Triassic marine reser-
voirs were heavily studied in the last decade (e.g., Cai et al., 2003,
2004; Li et al., 2005; Zhu et al., 2006, 2007; Hao et al., 2008; Ma
et al., 2008; Liu et al., 2013). According to these studies, all gases
in these reservoirs show very high dryness values (C1/SC1e
4 ¼ 0.975e1.0). For gas reservoirs within the Lower Triassic strata,
d13C values of methane, ethane and propane range from 35.7&
to 29.7&, 38.8& to 28.9& and 36.8& to 28.8&, respec-
tively (e.g., Li et al., 2005; Zhu et al., 2006; Liu et al., 2013). For gas
reservoirs within the Upper Permian Changxing Formation, d13C
values of these three gases range from33.0& to 30.1&, 38.6&
to 25.2& and 35.8& to 25.4&, respectively (e.g., Zhu et al.,
2006; Hao et al., 2008; Liu et al., 2013). For gas reservoirs within
the Middle Carboniferous Huanglong Formation, they range
from 37.7& to 29.2&, 41.8& to 31.0& and 38.2&
to 25.1&, respectively (e.g., Zhu et al., 2006; Li and Zhong, 2007;
Liu et al., 2013). For gas reservoirs within the Upper Sinian Den-
gying Formation, d13C values of methane and ethane range
from38.0& to32.0& and33.9& to 31.0&, respectively (e.g.,
Zhu et al., 2006, 2007). All of these studies suggested that gases
within these marine strata were derived from sapropelic (oil-
prone) source rocks (e.g., Li et al., 2005; Zhu et al., 2006; Hao et al.,
2008; Liu et al., 2013). The Lower Triassic and Upper Permian res-
ervoirs contain variable amounts of H2S (0.01e62.17%, Liu et al.,
2013). The higher amount of H2S was ascribed to the result ofrsus C21/(C21 þ SC29) steranes for the source rocks (a) and reservoir rocks (b). In a, the
Figure 13. Plot of the ratios of C23/C21 versus C22/C21 tricyclic terpanes for the source rocks (a) and reservoir rocks (b). In a, the data for the four source rocks Q10-6S1 to Q10-6S4 are
excluded.
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et al., 2005; Hao et al., 2008; Liu et al., 2013). For the reservoirs
within the Middle Carboniferous Huanglong Formation, the
amount of H2S is negligibly low (Liu et al., 2013). For gas reservoirs
with low H2S content within the Middle Carboniferous, Upper
Permian and Lower Triassic strata, the d13C values of methane,
ethane and propane generally exhibit a partial reversal pattern,
possibly due to the mixing of gas hydrocarbons from different
sources and/or with different maturities (e.g., Hao et al., 2008; Liu
et al., 2013).
The Upper Permian Longtan Formation consists of marine shales
and terrigenous dark mudstones and coals (e.g., Ma et al., 2008;
Hao et al., 2008). The less negative kerogen d13C values and
higher relative concentration of C30 diahopane in bitumen I and II
fractions indicate that the four source rocks Q10-6S1 to Q10-6S4
from the Upper Permian Longtan Formation mainly contain
terrigenous organic matter (Volkman et al., 1983; Philp and Gilbert,
1986; Peters et al., 2005). These four source rocks correlate poorly
with all of the pyrobitumen-containing reservoir rocks both in
carbon isotopic and molecular compositions (Tables 1 and 2;
Figs. 4e5 and 9e11). However, Cai et al. (2006) and Liang et al.
(2009) demonstrated that the marine source rocks from the Up-
per Permian Longtan Formation and Dalong Formation have
kerogen d13C values comparable to the pyrobitumen d13C values in
the reservoir rocks from the Upper Permian Changxin Formation
and Lower Triassic Feixianguan Formation, similar to HB1S5 source
rock from the Dalong Formation (P2d, Table 1, Fig. 4). The three
Carboniferous reservoir rocks have pyrobitumen d13C values within
the range of Upper Permian and Lower Triassic reservoir rocks
(Table 1, Fig. 4). The source rocks from the Lower Silurian Longmaxi
Formation have the kerogen d13C values relatively lower than
pyrobitumen d13C values of the Middle Carboniferous, Upper
Permian and Lower Triassic reservoir rocks, but close to these
lowest values (Table 1, Fig. 4). In central Sichuan, kerogen d13C
values for Lower Cambrian and Sinian source rocks matchwell with
pyrobitumen d13C values of reservoir rocks from the fourth section
of Upper Sinian Dengying Formation (Z2dn4, Table 1, Fig. 4).
However, the two reservoir rocks JSYK-R63 and JSYK-R64 within
the second section of the Upper Sinian Dengying Formation
(Z2dn2) from an outcrop in the Zunyi region south of the Sichuan
Basin (Fig. 1), have pyrobitumen less negative d13C values, and are
signiﬁcantly different from the other Sinian reservoir rocks (Table 1,
Fig. 4). Pan et al. (2006) performed a pyrolysis experimental study
on kerogen from the Estonian Ordovician immature oil shale
(kukersite) at 450 C and 50 MPa for 72 h in conﬁned system (gold
capsules), and found that d13C value of the residual kerogen(31.5&) after pyrolysis was nearly the same to that of the initial
kerogen (31.6&). So far, we ﬁnd no publications which document
carbon isotopic variation of pyrobitumen from oil-cracking in oil
pyrolysis experiments.
Except the four source rocks from the Upper Permian Longtan
Formation, the other 26 source rocks and 64 pyrobitumen-
containing reservoir rocks have no peculiar molecular features that
distinguish them. The difference in the relative amounts and distri-
bution patterns of tricyclic terpanes among various samples and
among the three bitumen fractions from the same sample can be
mainly ascribed to thermalmaturation,whichwill be discussed later.
According to geological conditions as demonstrated in cross-
sections AB and CD of Figure 1, in central Sichuan, hydrocarbon
gases in reservoirs within the fourth section of the Upper Sinian
Dengying Formationwere derived from Lower Cambrian and Upper
Sinian source rocks (Zhu et al., 2006; Xu et al., 2012; Wei et al.,
2013). In eastern Sichuan, hydrocarbon gases in the Middle
Carboniferous reservoirs were mainly derived from Lower Silurian
Longmaxi Formation source rocks, while those in the Upper
Permian and Lower Triassic reservoirs were mainly derived from
the Upper Permian and Lower Silurian source rocks (Fig. 1, Li et al.,
2005; Zhu et al., 2006; Ma et al., 2007, 2008; Li and Zhong, 2007;
Hao et al., 2008; Liu et al., 2013). Hydrocarbon gases within the
marine strata from the Sinian to Early Triassic in the Sichuan Basin
are generally considered mainly forming from paleo-oil cracking
because the reservoir rocks contain abundant pyrobitumen and the
marine source rocks contain originally oil prone types I and II
kerogen (e.g., Li et al., 2005; Zhu et al., 2006; Ma et al., 2007, 2008;
Hao et al., 2008; Liang et al., 2008, 2009). The carbon isotopic and
molecular data in the present study are generally consistent with
these interpretations. However, in eastern Sichuan, the pyrobitu-
men or paleo-oil in the Upper Permian and Lower Triassic reservoir
was unlikely to have originated from the Upper Permian terrige-
nous humicmudstones and coal measures based on carbon isotopic
and molecular compositions. Although the Sinian and Lower
Cambrian source rocks cannot be excluded as the source for the
paleo-oil and hydrocarbon gases in the reservoirs within the Mid-
dle Carboniferous, Upper Permian and Lower Triassic strata in
eastern Sichuan based on geology and molecular data (Fig. 1,
Table 2, Zhao et al., 2011), they were unlikely to be themajor source
based on the isotopic data (Table 1, Fig. 4).
5.2. Maturation of tricyclic terpanes
The increase of the concentrations of tricyclic terpanes relative
to hopanes with thermal stress was well demonstrated both in
X. Jin et al. / Marine and Petroleum Geology 56 (2014) 147e165 163heating experimental and ﬁeld studies (e.g., Aquino Neto et al.,
1983; Shi et al., 1988; Van Graas, 1990; Farrimond et al., 1999;
Pan and Yang, 2000; Yu et al., 2011). For the 30 source rocks,
bitumen I and II have substantially higher maturities, compared
with bitumen III, based on the ratios of tricyclic terpanes/(tricyclic
terpanes þ C30 hopane) and C21/(C21 þ SC29) steranes. For most
source rocks, bitumen I has relatively highermaturity than bitumen
II based on these two ratios (Table 2, Fig. 12a). Pyrolysis experi-
ments revealed that bound biomarkers have lower maturity char-
acteristics compared with their free counterparts (e.g., Lu et al.,
1989; Peters et al., 1990; Bishop et al., 1998; Murray et al., 1998;
Pan et al., 2008, 2010c). The present study is consistent with
these previous studies. It appears that bitumen III fractions gener-
ally exhibit the maturity of the source rock at peak oil generation
stage because for most source rocks, the two ratios remain rela-
tively low for bitumen III (<0.2), although they are very high, and
vary greatly for bitumen I and II fractions (Table 2, Fig. 12a). For the
64 reservoir rocks, the trends for these two ratios are complex and
can be summarized as follows for the three bitumen fractions: (1)
these two ratios vary in a wide range for bitumen I and II but in a
narrow range for bitumen III for most samples; (2) for most sam-
ples, they are higher for bitumen I and II than bitumen III; and (3)
for a few samples, they are very low for bitumen I, substantially
lower than for bitumen II, and even lower than for bitumen III
(Table 2, Figs. 11b and 12b). The mechanism that accounts for point
(3) is unknown to us.
It is noteworthy that these two ratios are signiﬁcantly lower for
source rocks than reservoir rocks in bitumen III, while opposite
applies for bitumen I. Aquino Neto et al. (1983) and Jones et al.
(1988) found that the concentrations of tricyclic terpanes relative
to hopanes are higher in the resin pyrolysates than asphaltene
pyrolysates isolated from same oils. It can be further deduced that
the concentrations of tricyclic terpanes relative to hopanes are
lower in the kerogen pyrolysates than in the resin and asphaltene
pyrolysates. Pyrobitumen in the reservoir rocks is the solid residue
of paleo-oil cracking. For the reservoir rocks, bitumen III oils were
released from the bound components of pyrobitumen, including
the bound components by resin and asphatene fractions of paleo-
oil. The result that bitumen III oils in reservoir rocks contain
higher concentrations of tricyclic terpanes relative to hopane than
in source rocks (kerogen pyrolysates) is consistent with the studies
by Aquino Neto et al. (1983) and Jones et al. (1988).
Aquino Neto et al. (1983) and Shi et al. (1988) demonstrated that
the relative concentrations of tricyclic terpanes with lower carbon
number increase with temperature and heating time during oil
heating experiments. Similar phenomenon can be observed from
the studies on biomarker compositions in oils and oil-containing
reservoir rocks from the Tarim basin and Junggar basin, China
(e.g., Zhang et al., 2000, 2005; Pan et al., 2003; Zhang and Huang,
2005; Pan and Liu, 2009; Jia et al., 2010; Li et al., 2010; Yu et al.,
2011). In the Tazhong uplift of the Tarim basin, the distribution
pattern of tricyclic terpanes is C20 > C21 < C23 for most marine oil
samples, while C20 < C21 < C23 for relatively minor oil samples (Li
et al., 2010; Yu et al., 2011). However, the pattern C20 > C21 > C23
can be observed from a few oil samples and some oil containing-
reservoir rocks in this area (Li et al., 2010; Yu et al., 2011). The
oils and oil-containing reservoir rocks that have C20 > C21 > C23
distribution pattern of tricyclic terpanes generally have very high
tricyclic terpanes/hopane ratio, such as the oil from the interval
5613e5621 m in borehole TZ824 demonstrated by Li et al. (2010)
and the free and adsorbed oils from oil sandstone TZ421-3
demonstrated by Yu et al. (2011). It appears that the pattern
C20 < C21 < C23 changed through C20 > C21 < C23, and ﬁnally into
C20 > C21 > C23 with increasing maturity. Distribution patterns of
tricyclic terpanes can be also inﬂuenced by source rock facies (e.g.,Zumberge, 1987). Differences in tricyclic terpane distribution pat-
terns are substantial between terrigenous and marine or lacustrine
source rocks butminor betweenmarine and lacustrine source rocks
(e.g., Zumberge, 1987; Peters et al., 2005). It is unclear to what
extent the distribution patterns are related to source facies for oils
in the Tazhong uplift because the source rocks for these oils have
determined to be within CambrianeOrdovician marine strata but
not yet drilled so far (e.g., Li et al., 2010; Yu et al., 2011).
In the present study, the bitumen III fractions (kerogen pyroly-
sates) for the 26 marine source rocks have the lowest maturity, i.e.,
the peak oil generation stage of the source rocks. In contrast,
bitumen II fractions liberated after HCl and HF treatments to
remove minerals, have the highest maturity. Bitumen I fractions,
the extractable free oils, have intermediate maturity, but more
close to the bitumen II fractions, based on the distribution of tri-
cyclic terpanes (Figs. 6e8, 13a).
For the 64 reservoir rocks, bitumen III fractions have tricyclic
terpane distribution similar to the bitumen III fractions from the
source rocks, i.e. C20 < C21 < C23, and therefore have similar
maturity. The bitumen I and II fractions for the reservoir rocks have
relatively lower maturities than their counterparts from the source
rocks based on the tricyclic terpane distributions (Figs. 9e11, 13b).
For both source and reservoir rocks, bitumen II fractions are
mainly oil-bearing ﬂuid inclusions liberated after mineral removal
by HCl and HF treatments. They suffered thermal alteration in a
closed system during deep burial. However, bitumen I fractions
suffered thermal maturation in an open system. They were mixed
with bound components released from the kerogen in source rocks
or pyrobitumen in reservoir rocks during deep burial. As a result,
these fractions generally have the intermediate maturity.
For all of the 26 marine source rocks, the distribution patterns of
tricyclic terpanes vary consistently among the three bitumen frac-
tions, as described above. For the 64 reservoir rocks, this trend is
not as systematic as for the source rocks. For example, bitumen II
from reservoir rock PG2R18 has very high tricyclic terpanes/(tri-
cyclic terpanes þ C30 hopane) and C21/(C21 þ SC29) steranes, i.e.,
0.61 and 0.58, respectively (Table 2), however, the distribution
pattern of tricyclic terpanes for this oil fraction is C20 < C21 < C23.
The phenomenon that oils have high relative concentrations of
tricyclic terpanes with the “normal” distribution pattern
C20 < C21 < C23 was also observed by Pan and Yang (2000).
Therefore, the change from C20 < C21 < C23 to C20 > C21 > C23 is not
the only route for tricyclic terpane maturation.
5.3. Origin of C30 diahopane
Bitumen I and II from the four source rocks Q10-6S1 to Q10-6S4
from the Upper Permian Longtan Formation contain high relative
concentrations of C30 diahopane, consistent with previous studies
demonstrating its presence in high concentration in coals and
terrigenous oils (Volkman et al., 1983; Philp and Gilbert, 1986).
However, bitumen III fractions for these four source rocks contain
substantially lower amounts of this compound than bitumen I and
II (Table 2, Fig. 5). This phenomenon was also observed by Jones
et al. (1988) and Murray et al. (1998). In the study by Jones et al.
(1988), unheated asphalt from Les Epoisats, Switzerland contains
high C30 diahopane, while pyrolysates of both the asphaltene and
resin fractions isolated from this sample lack or contain negligible
amounts of this compound. Similarly, in the study by Murray et al.
(1998), the extracts of source rocks from three samples (No.2, 4 and
6) contain moderate to high amounts of C30 diahopane, while the
hydropyrolysis oils for these samples lack or contain negligible
amounts of this compound. Moldowan et al. (1991) and Peters et al.
(2005) suggested that C30 diahopane originates from bacteria in
clay-rich sediments deposited under oxic or suboxic conditions.
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that this compound is unlikely to originate from the bound hopa-
noid precursors, but likely comes from the free precursors.
5.4. Contamination problem
A contamination problem arises because the amounts of the
three bitumen fractions are generally low, generally <10 mg/g TOC
for both source and reservoir rocks, due to high maturity. This issue
has been documented in the studies for Precambrian rocks (e.g.,
Sherman et al., 2007; Brocks et al., 2008; Brocks, 2011). In the
present study, n-alkanes and light aromatics may be inﬂuenced by
contamination, especially n-C14, n-C16 and n-C18 with spectacularly
high relative concentrations in gas chromatograms (Figs. 6e11),
inferred from the study by Sherman et al. (2007). However, we
believe that in this study the compositions of terpanes and steranes
are unlikely substantially inﬂuenced by contamination because: (1)
the high concentrations of tricyclic terpanes relative to hopanes
and peculiar distribution pattern of tricyclic terpanes, e.g.
C20 > C21 > C23 are unusual in contaminants; and (2) the higher
concentrations of tricyclic terpanes relative to hopanes in pyrobi-
tumen pyrolysates than kerogen pyrolysates is consistent with the
studies by Aquino Neto et al. (1983) and Jones et al. (1988). In
addition, the amounts of n-alkanes in the gas chromatogram of
pyrolysates at 305 C (Fig. 9g) are substantially lower than those at
350 C (Figs. 5e8g,10, 11g). This result indicates that the majority of
pyrolysates are not inﬂuenced signiﬁcantly by contamination.
6. Conclusions
(1) Based on molecular and carbon isotopic compositions and
geological data, in central Sichuan, gases in the reservoirs
within the fourth section of the Upper Sinian Formationwere
derived from both Lower Cambrian and Upper Sinian source
rocks. In eastern Sichuan, gases in the reservoirs within the
Middle Carboniferous Huanglong Formation were mainly
derived from Lower Silurian source rocks, while those within
the Upper Permian and Lower Triassic strata were mainly
derived from both the Upper Permian and Lower Silurian
marine source rocks.
(2) The distribution pattern of tricyclic terpanes changed from
C20 < C21 < C23, through C20 < C21 > C23, ﬁnally to
C20 > C21 > C23 during severe thermal stress. For the source
rocks, maturity increases from bitumen III, through bitumen
I to bitumen II, while for the reservoir rocks bitumen II
fractions have generally higher maturity than the other two
bitumen fractions based on the distribution pattern of tri-
cyclic terpanes and concentrations of tricyclic terpanes and
C21 sterane relative to hopanes and C29 steranes.
(3) The substantially lower concentration of C30 diahopane in
bitumen III compared with bitumen I and II demonstrates
that this compound was unlikely to have formed from bound
hopanoid precursors, but originated from free precursors.
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